have different effects on plant water use, evapotranspiration and hydrology (Shuttleworth & Wallace 1985) . Determination of the demography and patterns of sparse vegetation and the prediction of their development and possible change can therefore improve estimates of the hydrological balance of ecosystems (Wallace et al. 1990 ). In practice, however, such changes in the vegetative cover are rarely considered in models.
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Sparse vegetation is typical of large areas of abandoned land in semi-arid southeastern Spain, which receive a mean annual rainfall of 200 -400 mm and have up to four months of summer drought. These lands, often fields of irregular shapes and poorly defined margins depending on the local topography and soil texture, were formerly intermittently ploughed and sown with cereals. Arable cultivation ceased several decades ago and the 'fields' now support semi-natural shrublands (Puigdefábregas et al. 1996) . These shrublands are presumed to represent an intermediate stage of an old-field succession. Therefore, the floristic composition, stand density and the spatial distribution patterns of the shrubs are expected to change with time which will have consequences for the hydrological balance.
As part of a wider research project (MEDALUS IIMediterranean Desertification and Land Use) on the ecology of sparse vegetation and its effects on hydrology and soil erosion in a semi-arid environment, we investigated the trends of changes in plant density and distribution pattern. Although the land was successively abandoned and the present vegetation must therefore be a mosaic of different ages, the exact time of abandonment of particular fields is usually not known and information on the development of the vegetation must be obtained by other means. As a result of cultivation, the abandoned fields provide spatially uniform habitats which offered, in addition to material for demographic studies, the possibility for analysis and ecological interpretation of the distribution patterns and spatial relationships of perennial plants. These were investigated by secondorder spatial analysis based on Ripley's K-function (Ripley 1976 (Ripley , 1981 , a method which is able to detect
Introduction
Whenever an established vegetation is destroyed or disturbed, its recovery progresses through a sere of successional stages which may differ strongly in density, physiognomy and taxonomy from the original vegetation (e.g. Wood & del Moral 1988; Chapin et al. 1994) . Changes in the density and physiognomy of the vegetation have strong effects on hydrology and soil erosion, particularly in arid and semi-arid environments. Here, in the usually sparse vegetation, different spatial distribution patterns of equal densities of plants can patterns in plant communities at different spatial scales, which are often not directly observable (e.g. Prentice & Werger 1985; Sterner et al. 1986; Skarpe 1991) . We report here the demography and distribution patterns in a semi-arid shrubland with two major components, the sub-shrubs Anthyllis cytisoides (Fabaceae) and Artemisia barrelieri (Asteraceae), which were analysed in order to (1) test the null hypothesis that all perennial plants, including A. cytisoides and A. barrelieri, were randomly distributed, (2) investigate the spatial relationships between A. cytisoides and A. barrelieri and (3) determine the spatial pattern of mortality of shrubs.
Material and Methods

Field site
The field site is in the Rambla Honda, a dry valley on the southern slope of the Sierra de los Filabres, ca. 40 km north of Almería, Andalucía, Spain (37°08' N, 2°22' W, 600 -1000 m altitude). A detailed description of the field site is found in Puigdefábregas et al. (1996) .
The climate is semi-arid; the 5-yr record for the period 1990 -1994 gives a mean annual temperature of 15.7°C (January 7.5°C, August 25.4°C) and mean annual rainfall of 259 mm (R. Lázaro unpubl. data). There is a pronounced dry season from May to September, often with practically no rainfall from June to August, and large variation both in the pattern and total amounts of rainfall from year to year.
Weathering and erosion of the mica-schist bedrock has produced extensive alluvial fan systems and colluvial deposits at the base of the mountain slopes. The deeper stony soils on these alluvial fans were used for drycropping with cereals following winters with sufficient rainfall. These ephemeral 'fields' have been successively abandoned since the 1960s. After cultivation ceased permanently, the lands were occupied by annual herbs and grasses, then by the dwarf-shrub Artemisia barrelieri and at present by the leguminous sub-shrub Anthyllis cytisoides with a ground cover of winter annuals (Puigdefábregas et al. 1996) . Above the alluvial fans, tussock grassland of Stipa tenacissima, containing A. cytisoides as a minor component, covers the rocky mountain slopes up to the ridges at 800-1100 m. We assume that these A. cytisoides populations served as sources of seed for the colonization of the abandoned fields below.
Anthyllis cytisoides is a drought-deciduous subshrub which can grow to a height of 1.5 m. It is endemic to the western Mediterranean region (de Bolós & Vigo 1984) . Anthyllis cytisoides occurs as a minor component in various types of shrubland and grassland, but it is particularly common on disturbed sites e.g. after fires, in abandoned fields and along roadsides, where it forms low shrublands of varying density and composition. Anthyllis cytisoides possesses a comparatively deep root system which penetrates to a depth of ca. 5 m (Domingo et al. 1991) . The young stems are green and remain photosynthetically active during the dry season when the shrubs are normally leafless. Artemisia barrelieri is a subshrub with small evergreen leaves and attains a height of 20 -30 cm. It is endemic to the dry Mediterranean region of Spain (Freitag 1971) . The root system only penetrates the soil to a depth of 20 -35 cm, but is concentrated mainly in the upper 10 cm (Freitag 1971) . Thus it depends on soil moisture accumulated from seasonal precipitation which is only available for a limited period each year. The species thrives particularly in sub-ruderal conditions, e.g. on fine-textured soils over alluvial sediments which are only intermittently used for agriculture (Freitag 1971) . Artemisia barrelieri is only common in open plant communities of dry regions and is apparently a poor competitor; under more moist conditions it is replaced by other species of Artemisia (Freitag 1971) .
Sampling method and statistical analysis
Three 10 m × 10 m plots in A. cytisoides shrubland were marked out in apparently homogeneous habitats (minimal relief, no rock outcrops or large stones) between October 1993 and May 1994. All plots were located on the middle parts of gently sloping alluvial fans on the western side of the Rambla Honda at 640 -660 m a.s.l. One plot (plot 3) was extended to 20 m × 10 m because of the small number of A. barrelieri shrubs present. After the plots had been divided into 5 m × 5 m subplots with tape-measures, the coordinates of all perennial species, including the remains of dead shrubs, were recorded to the nearest 5 cm with a tape-measure. Basal diameter of the largest stem, shrub height, and the largest horizontal diameter of the canopy were measured, and the proportion of dead canopy was estimated. All three stands were revisited in early April 1995 to assess the extent of canopy dieback and shrub mortality after a severe drought in the summer of 1994.
All shrubs of A. cytisoides and A. barrelieri were grouped into 0.2 cm size classes based on stem diameter to give size-frequency distributions for each plot. The distribution of the shrubs was investigated by secondorder spatial analysis with Ripley's K-function, a cumulative density function which uses the second moment, i.e. the variance of all point-to-point distances to evaluate two-dimensional distribution patterns (Ripley 1976 (Ripley , 1981 Diggle 1983; Upton & Fingleton 1985) . A detailed description of the application of this method in ecology has been given by Haase (1995) . We started our analysis at a radius t of 0.25 m with 0.25 m increments up to 5.0 m, i.e. one half of the plot length. Edge corrections were calculated by the weighting method described by Getis & Franklin (1987) and modified by Haase (1995) . The sample statistic was plotted as the derived variable
which has zero expectation for any value of t when the pattern is Poisson random (Skarpe 1991) . To evaluate statistical significance of the sample statistic, we used the values at the limit of the 2.5 % tails of 100 randomizations (mean ± 1.96 SD) for a 95% confidence interval. If the sample statistic is positive, and above the upper limit of the confidence region, i.e. significantly non-random, the sampled points have a clumped distribution at that scale, while significant negative deviation indicates a regular or uniform pattern (Diggle 1983) . If the plot of the sample statistic remains within the bounds of the confidence interval for any given value of t, the null hypothesis of complete spatial randomness cannot be rejected. The null hypothesis of spatial randomness was tested for all shrubs (A. cytisoides, A. barrelieri and other species) considered together and separately for each of the two major species, A. cytisoides and A. barrelieri. The spatial associations between A. cytisoides and A. barrelieri, and between living and dead shrubs of A. cytisoides were investigated with a modified procedure for analysis of bivariate distribution patterns (Diggle 1983; Upton & Fingleton 1985; Andersen 1992 ). Additionally, the distribution of dead shrubs was analysed to investigate a possible pattern of shrub mortality.
Results
Demography
Anthyllis cytisoides and A. barrelieri were the exclusive shrub species in plots 1 and 3 (Table 1) . Plot 2 additionally contained one specimen of Asparagus stipularis and one dead Thymus species.
Plot 1 had similar numbers of A. cytisoides and A. barrelieri (Table 1 ; Fig. 1a ), but the proportion of dead shrubs differed greatly between the two species (9 % and 86 %, respectively, at the first observation). Plot 2 had twice the density of A. cytisoides, but a similar density of A. barrelieri to plot 1; the proportions of dead shrubs were 23 % and 44 %, respectively. The high stand density in plot 2 was associated with a significantly (P < 0.01) smaller mean canopy diameter of A. cytisoides shrubs compared to the two other plots (Table 2) . Plots 3a and 3b had similar densities (Table 1) and proportions of dead shrubs of A. cytisoides (37 % and 32 %). The density of A. barrelieri in plot 3 was considerably lower (Table 1) , while mean canopy diameter (P < 0.05; plot 2) and canopy height (P < 0.001; plot 1) of living A. barrelieri shrubs was significantly higher than that in plots 1 and 2 (Table 2), suggesting that these shrubs were older than those in the two other plots. Plots 1 and 3 had irregular size-class distributions of A. cytisoides with comparatively high numbers of stems in the 0.2 -0.4 cm diameter class (Fig. 1a, c) , but the corresponding peak was missing in plot 2 which had a bell-shaped size-class distribution (Fig. 1b) . In all three plots, dead A. cytisoides shrubs were restricted to the smaller and middle diameter-classes while dead A. barrelieri shrubs occurred in all size-classes (Fig. 1) . The proportion of dead canopy of all living shrubs increased from 11.7 % in autumn to spring 1993/1994, when the plots were recorded, to 35.6 % in April 1995. The latter figure includes a considerable number of shrubs (15.8 %) which had died during the summer drought of 1994 (Table 3) . Overall mortality of A. cytisoides during the drought was much higher (17.2 %) than that of A. barrelieri (4.9 %).
Spatial distribution: univariate patterns
The distribution of all shrubs (A. cytisoides and A. barrelieri) was not significantly different from random in plot 3 (Fig. 2c) . In plot 1 and plot 2, however, the distribution was significantly different from random at scales of 0.25 m and 0.25 -1.0 m, respectively (Fig. 2a, b) . The significant positive deviation of the sample statistic from random suggests a clumped distribution of the shrubs at these scales. In plot 2, which had a comparatively high density, clumping was particularly strong at a scale of 0.25 -0.5 m. The distribution of A. cytisoides shrubs was random at all scales in plot 1, but was significantly non-random (clumped) at almost all scales in plot 2 (Fig. 3a, b) . In plot 3, A. cytisoides shrubs were clumped at a scale of 0.5 m and at which suggests an overall random shrub mortality irrespective of stand density.
Spatial distribution: bivariate patterns
The bivariate patterns of A. cytisoides and A. barrelieri were significantly non-random at various scales in all three plots. There was a positive association at a scale of 0.25 -0.5 m in plot 1 and at 0.5 m and 3.5 -5.0 m in plot 2 (Fig. 5a, b) . In plot 3, however, there was a negative association (statistical repulsion) at a scale of 1.0 -1.5 m (Fig. 5c) .
Analysis of the spatial relationship between living and dead A. cytisoides, carried out for plots 2 and 3 only because the number of dead shrubs in plot 1 was too small, revealed that living and dead A. cytisoides shrubs were randomly associated and positively associated at a scale of 0.5 m, respectively (Fig. 6a, b) . The overall trend was one of positive association in both plots. various larger scales (Fig 3c) . The distribution of A. barrelieri was random in plots 1 and 2 (Fig. 4a, b) . The A. barrelieri shrubs in plot 3 were also randomly distributed at small scales but showed a clumped distribution at 2.75 -3.75 m (Fig. 4c) .
Shrubs which were dead by the spring of 1994 were randomly distributed in all plots (results not shown) trend. The clumped pattern at small scales in plots 1 and 2 changed to a random pattern in the presumably older plot 3. Pattern analysis of A. cytisoides alone showed a different trend, however, the pattern being random at low density (plot 1) and clumped at higher density (plot 2 and 3).
If more than one codominant species is involved, the observed distribution patterns may be additionally influenced by interactions between the different species. If interspecific competition is stronger than intraspecific competition, a negative association between two species would be expected (e.g. Kenkel 1994 ). This was indeed found for A. cytisoides and A. barrelieri in plot 3. It appeared, however, that this spatial relationship had developed from an initially positive association between the two species in plots 1 and 2. This is supported by the demographic results which also suggest that the three plots represent at least two different stages of colonization.
The large number of dead A. barrelieri in plots 1 and 2 and the small number of these shrubs left in plot 3 suggest that A. barrelieri, which apparently dominated an earlier stage, has been successively replaced by A. cytisoides. Anthyllis cytisoides grows to a larger size and uses more resources (Table 2) , given suitable environmental conditions, which eventually leads to the decline of A. barrelieri which is regarded as a poor competitor (Freitag 1971) . Such a successional trend has also been suggested by Puigdefábregas et al. (1996) . In the Rambla Honda, only a few small patches of almost pure A. barrelieri stands still remain. As an alternative explanation, both species could have colonised the abandoned land at the same time and the A. barrelieri component is declining simply because of a shorter life-span. The relationship between the univariate and bivariate patterns, particularly in plot 1, however, appears to favour the former hypothesis. In plot 1, both single-species patterns are random but the combined pattern is clumped at a scale of 0.25 m, a distance equal to the mean crown radius of A. barrelieri shrubs ( Table 2 ). The positive association at a scale of 0.25-0.5 m between A. cytisoides and, mostly dead, A. barrelieri in plots 1 and 2 suggests that the presence of an A. barrelieri shrub may facilitate the establishment of A. cytisoides seedlings nearby. Established A. barrelieri shrubs provide shade and locally diminish environmental extremes, but in particular, the strongly aromatic smell of its foliage may discourage browsing of this shrub and thus also protect seedlings of other species growing under or near its canopy. Similar twofold relationships have been described for other pairs of species in arid environments (see review by Fowler 1986) .
As in other perennial species of dry environments, recruitment in A. cytisoides appears to occur only 
Discussion
Spatial patterns and spatial relationships in plant communities can reveal information on stand history, population dynamics, and intraspecific and interspecific plant-plant interactions. The distribution patterns of shrubs and trees from arid and semi-arid environments have received particular attention from plant ecologists and a general hypothesis of the development of the observed patterns has been established (Anderson 1967 (Anderson , 1971 Barbour 1973; King & Woodell 1973; Cox 1987) . As a result of seed dispersal mechanisms and availability of seedling habitats, seedlings may initially have a clumped distribution, but density-dependent mortality can alter this pattern to a random distribution of intermediate-sized shrubs and ultimately to an overdispersed (regular) pattern of mature shrubs (Greig-Smith & Chadwick 1965; Anderson 1971; Schlesinger & Gill 1978; Phillips & MacMahon 1981; Skarpe 1991) . On the other hand, Zhang & Skarpe (1995) found a continued aggregated distribution in the semi-arid subshrub Artemisia halodendron. A trend towards regularity in the spatial pattern is usually explained in terms of the increasing importance of competition for resources with increasing shrub size (e.g. King & Woodell 1973; Phillips & MacMahon 1981) . If all species are considered together, the distribution pattern of shrubs in the analysed Anthyllis cytisoides shrubland shows a corresponding intermittently. None of the new seedlings observed in the spring of 1994 were relocated in 1995 (Haase et al. unpubl.) . The relative maxima in the 0.2 -0.4 cm stem diameter class suggests a comparatively recent episode of recruitment of A. cytisoides. It is possible that because of the high shrub density, plot 2 did not provide the necessary habitats for establishment and growth of seedlings. This plot contained 107 living shrubs/100 m 2 (87 A. cytisoides shrubs) instead of 61 to 74 shrubs/100 m 2 (including the recruited shrubs) in the other plots. We therefore postulate that even under favourable environmental conditions, a density of approximately 1/ m 2 may constitute the maximum density of these shrublands.
The positive association of dead with living A. cytisoides shrubs at a scale of 0.5 m in plot 3 and the overall trend for positive association in plots 2 and 3 suggest that death of shrubs occurred as a result of unequal competition in small clumps, which probably consisted of both dominant and suppressed individuals, and eventual mortality of the smaller shrubs (e.g. Kenkel 1988) . Almost all dead A. cytisoides had stem diameters in the smaller and middle size-classes ( Fig. 1 ) which also suggests that the shrubs had not yet reached their maximum age and had died of causes other than senescence.
Mortality probably occurred as a result of unequal intraspecific competition for soil moisture which becomes the major limiting resource during the dry season. Even after all their above-ground parts have died, A. cytisoides shrubs have the ability to resprout from the rootstock in the following growing season (L. Gutiérrez pers. comm.). No resprouting of the dry shrubs was observed by April 1995, however, suggesting that the shrubs had in fact died during the previous summer drought. The observed high levels of mortality and canopy dieback after just one dry year indicates that A. cytisoides is not particularly drought resistant when compared with other common perennial species (Haase et al. unpubl. data) , at least not in the high densities typical of present stands. The local predominance of A. cytisoides may be a result of temporarily favourable environmental conditions during the period following the abandonment of cultivation and of its ability to recover from browsing damage by domestic stock. Whether the dead shrubs will be replaced by seedlings of A. cytisoides or of other species is not known and will probably depend on the rainfall regime of subsequent years. Because of the generally highly variable rainfall, it is expected that stand density and cover of the shrubland will also be subject to considerable year-to-year variation in the future. Since A. cytisoides shrublands provide protection against soil erosion and are an important forage for browsing livestock, their temporary decline after prolonged periods with low rainfall would have a significant effect on local pastoralism.
